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I.  INTRODUCTION 


The  study  of  the  physical  properties  of  black  powder  and  their  influence 
on  combustion  has  been  a  subject  for  continuing  inquiry  at  the  Ballistic 
Research  Laboratory.  One  report  on  this  subject  was  published  in  the 
proceedings  of  the  Seventh  International  Pyrotechnics  Seminar.  In  this 

earlier  study  black  powder  grains,  prepared  by  the  Army  Ammunition  Pilot  Plant 
at  Charlestown,  IN,  were  evaluated  and  various  physical  properties  were 
related  to  flame  spread  rates.  It  was  concluded  that  the  manufacturing 
procedure  of  compacting  black  powder  meal  produced  considerable  local  plastic 
flow  among  particles,  forming  a  conglomerate  matrix  of  Interconnecting 
pasageways.  Correlations  between  interna?  surface  area,  pore  volume,  and 
density  were  made  with  flame  spread  rates.  These  relationships  and  scanning 
electron  microscopy,  S.E.M.,  photographs,  suggested  that  increasing  the  degree 
of  openness  of  black  powder  grains  increased  burning  rates. 

2a  h 

In  the  present  study,  ,D  laboratory  samples  were  compressed  to  provide  a 
larger  distribution  of  densities  than  had  been  previously  available.  Also, 
samples  were  prepared  from  a  single  batch  of  black  powder  meal ,  so  that  all 
samples  were  chemically  identical.  This  approach  Insured  that  any  observed 
difference  in  burning  rate  could  be  directly  related  to  the  degree  of  openness 
of  the  black  powder  grains.  Samples  were  pressed  into  parallelepipeds, 
burned,  and  photographed.  Because  of  this  simple  geometry,  strand  burn  rates 
could  be  determined  and  related  to  densities.  This  is  in  contrast  to  earlier 
work  in  which  flame  spread  rates  among  a  collection  of  grains  were  related  to 
various  measurements  of  free  volume. 

Strands  were  burned  and  photographed  using  high-speed  cinematography. 

From  the  Images,  burning  rates  were  measured  from  atmospheric  pressure  to  100 
atmospheres.  These  movies  also  show  other  combustion  phemonena,  including 
particle-droplet  size  and  velocity.  In  the  course  of  this  research,  the 
density  of  black  powder  was  related  to  compaction  pressure  in  the  presence  a^.d 
absence  of  moisture.  From  these  experiments,  a  detailed  description  of  black 
powder  evolved  that  should  aid  both  the  balllstlcian  and  manufacturer. 


a.  R.A .  Sasse',  "The  Influence  of  Physical  Properties  of  Black 
Powder  on  Burning  Fate, "  Seventh  International  Pyrotechnics  Seminar, 
Vol.  2,  p.  5 36,  IIT  Research  Institute,  Chicago,  IL,  July  1980. 
h.  R.A.  Sasse',  "The  Influence  of  Physical  Properties  on  Black 
Powder  Combustion,  "  AR  BRL-TR-02308,  Ballistic  Research  Laboratory,  USA 
ARRADCOM,  Aberdeen  Proving  Ground,  MV,  March  1981  (AD  A100273). 


a.  R.A.  Sasse',  "Strand  Bum  Rates  of  Black  Powder  to  One  Hundred 
Atmospheres, "  Eighth  International  Pyrotechnics  Seminar,  p.  588,  IIT 
Research  Institute,  Chicago,  IL,  July  1982. 

b.  R.A.  Sasse',  "Strand  Bum  Rates  of  Black  Powder  to  One 

Hundred  Atmospheres, "  19th  JANNAF  Combustion  Meeting,  CPI A  Publication 
No.  366,  Vol.  I,  p.  13,  October  1982. 


A.  Black  Powder  Samples 


II.  EXPERIMENTAL 


Black  powder  aaala  war*  aupplled  by  the  U.S.  Army  ammunition  Plant  from 
Its  Jet-mill  pilot  plant*  Two  aaala  vara  prepared;  one  contained  maple  end 
the  other  contained  oak  charcoal.  The  Mterlal  was  part  of  the  Mai 
originally  prepared  for  the  "deviant  lot  series"*  described  by  Hugh  Fitler3 
for  a  project  supported  by  the  Product  Aaaurance  Directorate.  During 
storage,  the  aeal  had  congloMrated  to  som  degree.  Therefore,  prior  to  use, 
it  was  re-ground  using  a  mortar  and  pestie.  Material  was  used  which  passed 
through  a  120  mesh  screen  but  not  through  a  200  mesh  screen. 

Dry  Mai  requires  a  higher  compaction  pressure  to  yield  a  particular 
density  than  does  moist  meal.  To  avoid  the  difficulty  of  regulating  both 
water  content  and  compaction  pressure,  samples  were  pressed  in  a  constant 
volume  die  where  a  spacer,  which  limited  piston  travel,  controlled 
dimensions.  Parallelepipeds  (4x5x22  ns)  were  formed  with  a  hydraulic  press. 
This  approach  had  the  advantage  of  producing  a  series  of  samples  of 
predictable  densities  by  placing  known  mights  of  meal  into  the  die.  The 
samples  exhibited  som  elas'.icity;  their  exact  volumes  and  hence  their 
densities  were  calculated  £ *om  the  measured  dimensions  of  each  sample. 

B.  Temperature  Estimate 

Some  indication  of  temperature  and  heat  propagation  were  obtained  by 
imbedding  a  bare  chromel-alumel  thermocouple  in  the  middle  of  black  powder 
meal  and  then  compressing  the  sample.  The  wires  were  127  microns  (0.005  in) 

In  diameter,  and  they  were  made  by  the  Omega  Engineering  Inc.  of  Stamford, 

CT.  The  measuring  bead  was  three  tines  the  thickness  of  the  wire. 

C.  Cinematography 

High-speed  16-mm  movies  were  taken  with  a  Photec  IV  camera  made  by 
Photonic  Systems,  Inc.,  of  Sunnyvale,  CA.  The  camera  was  operated  at  2000 
frames  per  second  and  employed  a  F/2.5  shutter.  Either  a  100-mm  or  50-m®  lens 
was  fitted  to  a  1.4-cm  extension  tube.  Exposures  were  made  at  F/4.5.  The 
subject  was  about  35  cm  from  the  camera,  and  the  image  size  was  approximately 
one-quarter  the  size  of  the  subject.  Samples  were  illuminated  by  a  600-watt 
tungsten  lamp  focused  by  a  455-tmn  diameter  spun  aluminum  paraboloid 
reflector.  In  som  experiments,  an  Edgerton,  Germeshousen  and  Grier  (E.G.G.) 


4 

The  deviant  lot  series  were  10  lots  of  black  powder  prepared  with  small 
pertubations  in  constitutional  composition,  particle  sine  or  der.sity « 

* 

H.  Fitter,  private  communication,  draft  report,  "Acceptance  of 
Continously  Produced  Black  Powder ICI  Americas  Carp.,  Charlestown,  IB, 
March  1979. 

4J.C.  Allen,  " Scope  of  Work  for  .’#£  A  TE  Project  5764303  Acceptance  of 
Continuously  Produced  Black  Powder ,"  Report  Bo .  SARPA-QA-X-10,  Picatinny 
Arsenal,  Dover ,  RJ,  November  1975 . 
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strobe  light,  model  FX-2 ,  me  used  for  beck  lighting.  Ektachrotae  high-speed 
movie  file  number  7242  having  a  125  ASA  tungsten  rating  vas  used  as  supplied 
by  Eastaan  Kodak  Qo.,  Rochester,  NY. 

Above  atmospheric  pressure  nitrogen  was  used  to  pre-pressurite  a  windowed 
chamber;  the  cell  was  of  similar  design  to  that  made  by  Kubota.  In  all 
cases,  samples  were  ignited  by  a  hot  resistance  wire. 

III.  RESULTS  AND  DISCUSSION 
A.  Compressing  Black  Powder  Meal 

In  the  manufacture  of  black  powder,  damp  meal  is  pressed  into  a  cake 
using  various  compaction  pressures  and  different  moisture  contents  to  achieve 
a  finished  grain  density  of  1.7.  The  process  was  examined  in  detail  by 
pressing  meal  slowly  and  recording  the  pressure  and  corresponding  sample 
density  as  the  pressure  was  increased.  Samples  of  different  moisture  contents 
were  evaluated. 

Approximately  two  grams  of  meal  were  accurately  weighed  into  the  die.  A 
known  weight  of  water  was  placed  on  the  powder  surface  to  provide  samples  to  4 
percent  water.  No  mixing  was  attempted,  and  capillary  action  was  presumed  to 
soak  the  powder.  The  assembly  was  pressed,  using  an  Instron  Corp.  material 
testing  Instrument,  model  2TDM,  made  in  Canton,  MA.  The  small  displacement 
rate  of  0.254  mm  per  minute  was  selected,  and  a  load  of  3,000  g/car  (40,000 
psi)  was  applied  slowly.  Pressure  history  as  a  function  of  percent 
compaction,  the  ratio  of  sample  height  at  a  particular  pressure  to  the 
original  sample  height,  19  given  in  Figure  1.  Results  are  given  for  samples 
containing  0,1, 2, 3,  and  4  percent  water,  and  compaction  functions  are  given  by 
the  set  of  parallel  lines  drain  In  this  figure.  The  observed  parallelism 
suggests  water  is  acting  as  a  lubricant.  The  lines  are  not  uniformly  spaced, 
which  could  reflect  that  the  samples  did  not  have  a  uniform  distribution  of 
water. 


The  functional  relationship  between  the  logarithm  of  applied  global 
pressure  and  compaction  was  suspected  to  be  the  result  of  compressing  bounded 
spheres.  This  idea  is  supported  by  calculations  of  Knudsen6  where  he  shows 
that  the  contact  area  between  spheres  is  a  linear  function  of  porosity.  To 
evaluate  these  concepts  and  assess  the  effect  of  particle  size,  two  different 
sizes  of  nearly  perfect  copper  spheres  were  individually  compressed,  using  the 
same  techniques  as  were  employed  with  black  powder  meal.  These  spheres  were 
of  two  diameters,  50  and  125  microns.  Both  diameter  spheres  gave  the  same 


Kubota,  T.J.  Ohlemiller,  L.H.  Oaveny,  and  M.  Surmerfield,  "The 
Meahanim  of  Super-Hate  Burning  of  Catalyzed  Double  Base  Propellants,"  Report 
No.  AMS  1087,  Dept,  of  Aeroepaoe  and  Mechanical  Sciences,  Princeton 
University ,  Princeton ,  NJ,  Marc *  1973. 

SF.P.  Knudaen,  J.  Am.  Ceramic  Soc.,  Vol.  42,  No.  8,  p.  376,  August  1959. 
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FIGURE  1.  The  Effect  of  Pressure  on  Black  Powder  Heal.  0,  OX; 
•,  IX;  +  ,  2X;  •  ,  3X  and  *,  4X  water. 


curves  which  is  shown  In  Figure  2.  The  early  portion  of  the  curve  represents 
the  movement  of  material  to  a  close  packed  geometry,  and  the  later  portion  of 
the  curve  represents  plastic  flow.  These  results  suggest  that  different 
particle  sixes  do  not  Influence  grain  density  produced  by  a  particular 
compaction  pressure.  The  experiment  also  shows  that  compressing  uniform  slse 
spheres  results  In  a  linear  logarithmic  relation  of  global  pressure  to  the 
degree  of  compaction.  These  comments  do  not  address  combustion  where  particle 
slse  may  he  Important.  Had  the  compaction  experiment  been  extended  to  greater 
pressures,  the  curves  in  Figure  2  would  approach  a  vertical  asymptote  at  65 
percent  compaction  where  all  voids  would  have  been  removed. 
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FIGURE  2.  Tha  Efface  of  Praasura  on  Ctpper  Spharaa  of  Dlffarane 

Disasters. 


B  OoalptaasiQi  flaae  Quo  Black  Powder  Crains 

Class  ooa  black  powder  grains  art  about  the  alas  of  a  pencil  araaer;  ehay 
are  smaller  than  4.76  and' largar  than  2.38  aa.  They  pass  through  a  4  but  not 
an  8  gtandard  aaah  acraan.  Thraa  (rasa  of  class  ona  grains  wars  placad  in  a 
dla  and  coaprassed  by  tha  inatron.  Pour  different  samples  wars  avaluatad: * 

Two  vara  of  fast  burning  material^  deviant  lots  10  and  11,  and  two  wars  of  alow 
burning  notarial,  davlant  lots  1  and  6.  At  tha  start  of  tha  experiment,  tha 
dla  had  a  loading  density  of  1.07,  and  aft^r  coaprssalon  black  powder  cylinders 
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FIGURE  3.  The  Effect  of  Pressure  on  Clees  One  Black  Powder  Grains. 


having  a  density  of  1.74  were  removed  froa  the  die.  This  coapreetion  process 
is  analogous  to  forming  delay  elements  in  various  ammunitions.  The  results, 
given  in  Figure  4,  exhibit  the  effect  of  global  preesura  on  black  powder 
grains.  Tha  four  saaples  gave  curves  that  can  be  superimposed  on  each  other . 
The  original  densities  were  1.63,  1.67,  1.86,  and  1.78,  but  such  density 
differences  do  not  differentiate  the  curves  one  from  another.  That  a 
logarithmic  function  again  fits  the  data  and  the  data  ware  continuous  indicate 
that  applied  pressure  results  in  plastic  flow  between  particles  in  the  black 
powder  grain.  The  experiment  aleo  shows  that  tha  grains  do  not  break  or  crush 
before  they  become  compacted.  Moreover,  the  compaction  curve  for  these  large 
grains  is  similar  to  that  obtained  for  dry  meal.  Figure  1;  thus,  this  slse 
difference  does  not  affect  plastic  flow. 

Considering  the  three  types  of  compaction  experiments  discusssd,  it 
appears  that  plastic  flow  is  the  dominant  process.  The  functional 
relationship  between  the  logarithm  of  applied  global  pressure  to  percent 
compaction  seems  to  be  the  result  of  compressing  bounded  spheres  as  Inferred 


12 


from  the  coppev  npttlanti.  This  mm  relationship  appears  whan  compressing 
••all  particle  alas  seal  or  larga  black  ponder  gralna.  Considering  tha  ilu 
difference  between  black  ponder  aeal  and  black  ponder  grains  and  tha  two 
different  radii  of  the  copper  apheres,  It  la  suggested  that  the  original 
particle  aiaa  has  little  affect  on  the  final  density  resulting  fron  applying  a 
particular  global  pressure. 

C.  Atmospheric  Surface  Burn  Hates 

Several  uninhibited  black  ponder  parallelepiped  samples  of  different 
densities  were  burned  in  air  and  photographed  by  high-speed  cinematography. 

The  surfacd  bum  rates  mere  faster  chan  the  bulk  rate,  resulting  In  the 
•volution  of  a  burning  pyramid,  the  aides  of  nhlch  became  steeper  as 
combustion  progressod.  Gas  plumes  mere  formed  normal  to  the  burning  surface, 
and  thus  four  distinct  gas  Jets  ware  directed  outward. 

The  location  of  the  burning  front  moving  down  the  strand  was  measured  on 
successive  films  frames,  and  the  position  histories  of  this  interface  were 
plotted.  Straight  lines  were  drawn,  and  their  slopes  were  taken  as  the  burn 
rate.  Results  are  given  In  Figure  4. 


FIGURE  4.  Combustion  Rate  as  a  Function  of  Density. 

f  burn  rate  of  surface  made  by  moveable  piston 
#  burn  rate  of  surface  made  by  die 
0  strand  burn  rate 


tmnl  samples  wrt  vrtliiittd.  It  mm  bscaas  ^panat  that  of  the  two 
surfaces  ylwai,  om  was  burning  factor  than  tbt  other.  It  was  found  that  the 
surface  near  the  moveable  die  face  uaa  burning  alouar  than  the  other 
surfaces.  A  clear  correlation  la  shoun  relating  these  surface  bum  rates  to 
density.  Vor  comparison,  the  strand  burning  rates,  to  be  discussed  In  the 
next  section,  D,  are  also  shoun  In  this  figure. 

To  measure  the  density  distribution  In  a  sample  George  Thomson  and  Keith 
Jameson,  of  the  Ballistic  Modeling  Division  of  BRL,  used  a  2.2  MsV  proton 
be  mi  produced  by  a  Van  da  Graaff  accelerator.  The  beam  impinged  upon  a  silver 
target  to  produce  mooo-energetlc  K  edge  X-rays.  The  analysing  bean  vas  1.2  mm 
In  diameter  and  traversed  the  sample  In  successive  stepa.  A  larger  sample  was 
examined  than  uaa  normally  prepared  to  emphase  density  differences.  Results 
are  shown  In  Figure  5  where  a  sharp  density  Increase  was  noted  as  the  surface 
by  the  moveable  die  face  was  approached.  This  experiment  confirms  that  a 
density  distribution  exists  In  laboratory  praased  black  powder  samples,  the 
severity  of  which  will  depend  on  die  dimensions  and  pressing  conditions. 


Figure  5.  Relative  Denaity  as  a  Function  of  Distance  along  a  Black  Powder 
Strand.  Position  0  Was  the  Suvft'ce  Made  by  Moveable  Die  Face. 
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D.  Atmospheric  Strand  larging  Bates 

Kevin  White  of  the  BKL  has  per f oread  micro-cinematography  on  graphite 
coated  claaa  one  black  ponder  grains,  and  ha  noted  that  during  coabustlon  the 
aampla  burna  like  a  cigarette.  Tills  impliaa  graphite  la  an  inhibitor.  Such 
a  coating  of  a  CCEX  deviant  lot  11  aampla  was  measured  to  be  6  microns  thick 
by  S.E.M.  techniques.  Thus,  an  inhibited  aampla  is  a  proper  analog  to  class 
one  black  powder.  Such  samples  were  prepared  and  inhibited  with  a  coating  of 
cyanoacrylate-based  glue;  they  ware  burned  in  air  and  photographed.  Burning 
ratea  were  meaaured  and  the  results  are  shown  in  Figure  6,  which  shows  burning 
rates  as  a  linear  function  of  density  for  both  oak  and  maple  black  powders. 

The  standard  deviation  of  the  slope  was  taken  as  the  error  of  measurement; 
these  estimates  are  shown  as  error  bars  on  the  data  points. 

One  additional  experiment  was  performed  to  compare  the  burning  rate  of 
two  sticks  of  black  powder  made  to  equal  densities  where  one  was  pressed  wet 
at  low  pressure  and  the  other  stick  was  prepared  dry  using  higher  pressures. 
Both  samples  were  dried, and  the  burning  rates  were  found  to  be  equal.  In 


FIGURE  6.  Strand  Bum  Rates  at  Atmospheric  Pressure  as  a  Function  of 
Density.  •  maple  and  0  oak. 
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effect,  the  samples  did  not  reflect  their  different  preparation  histories.  An 
example  of  the  cinematography  la  the  reproduction  of  one  of  the  16-mo  frames 
In  Figure  7.  The  picture  Includes  the  strand  of  black  powder,  Ignition  wire, 
and  helical  spring  contacts.  The  flat  burning  surface  is  evident  as  are  a 
preponderance  of  both  small  and  large  particles.  The  larger  particles  were 
measured  by  Nathar.  Klein8  of  the  BRL  using  a  Quantimet  720  Image  Analyzer  made 
by  Image  Analyzing  Computers,  Inc. 


•  .  •  •“  % 

• 


FIGURE  7.  Enlarged  Picture  of  16-mm  High-Speed  Film  Showing  Burning  Black 
Powder. 

The  distributions  of  both  the  length  and  breadth  of  the  particles  are 
given  in  Figure  8,  and  the  similar  distribution  of  these  two  parameters 
indicates  that  the  particles  are  spherical  and  have  a  mean  diameter  of  280 
microns.  Particle  velocity  was  also  measured,  and  a  value  of  130  cm/sec  was 
obtained. 

The  particles  were  collected  on  a  fine  50  mesh  screen  and  examined  with 
70x  stereomicroscope.  They  appeared  as  perfect,  smooth  spheres  of  the  various 
colors  of  white,  black,  and  yellow-striped  spherical  bodies.  In  the  absence 
of  contrary  evidence,  these  spheres  are  suggested  to  be  frozen  droplets  of 
nonreactive  molten  black  powder  blown  from  the  burning  surface.  In  addition, 


8 

N.  Klein,  " The  Uee  of  Holography  in  Combustion  Diagnostics,"  draft 

report . 
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FIGURE  8.  large  Particle  Sice  Distribution, 
and  ^W|  breadth. 
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a  fine  dust  was  collected  on  a  polished  surface  and  examined  with  S.E.M. 
techniques.  The  dust  appeared  as  particles  between  0.4  and  1.0  microns  in 
else;  they  had  sharp  edges  protruding  from  a  porous  Irregular  structure.  They 
are  believed  to  be  the  result  of  condensation  of  reaction  products.  Only 
chemical  analysis  can  verify  the  nature  and  origin  of  these  particles. 

E.  Thermocouple  Measurements 

Thermocouple  temperature  measurements  are  clearly  suspect,  due  to  various 
heat  losses,  but  an  experiment  was  attempted  to  form  a  lower  bound  estimate  of 
how  deeply  neat  penetrated  a  porous  sample  of  black  powder.  In  a  broader 
sense  the  experiment  was  attempted  to  determine  If  the  thermocouple  would 
respond  in  a  compressed  salt  matrix.  The  measurement  was  performed  by  placing 
a  thin  chromel-alumel  thermocouple  Into  the  center  of  black  powder  meal,  and 
compressing  the  unit.  The  sample  was  burned  in  air  and  the  output  signal, 
referenced  to  an  ice-water  junction,  was  recorded  on  a  digital  oscilloscope. 
Results  are  given  in  Figure  9  where  zero  time  was  arbitrarily  set;  also, the 
early  temperature,  ca  100s C,  was  not  deemed  significant.  During  combustion, 
at  a  burning  rate  of  one  cm  per  second,  the  temperature  increased  to  480°C  in 
2.2  ms  before  the  thermocouple  was  exposed  to  the  gas  stream.  This  is  a  lower 
bound  estimate  of  the  temperature  of  the  liquid  layer,  and  the  gas 
temperature,  represented  by  the  vertical  asymptote,  could  not  be  measured  by 
this  type  of  thermocouple. 
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FIGURE  9.  Temperature  of  Thermocouple  in  Burning  Black  Powder  as  a 
Function  of  Time. 


The  value  of  480* C  agreea  well  with  the  measurement  made  by  Ianchlts  and 
Hayes ’of  469*50*0  for  Ignition  temperature  using  arc  Image  techniques.  It 
would  appear  that  the  small  mass  of  this  thermocouple  and  the  large  heat 
source  of  the  combustion  front  contribute  to  a  fair  estimate  of  the 
temperature  of  the  liquid  layer.  From  the  burning  rate  and  time-temperature 
relationship, the  heat  penetrated  about  220  microns  below  the  combustion-gas 
Interface.  From  these  relationships  the  thermocouple  appears  too  thick  to 
make  an  accurate  or  even  fair  measurement  of  the  depth  of  the  heat  penetration, 
but  the  experiment  establishes  that  the  heated  sone  is  thin  and  smaller  than 
220  microns. 


9C,  banohita  and  B.  Bays,  '16th  JABBAF  Combustion  Masting,  CPI  A  Publication 
Bo.  308,  Veil.  3,  p.  169,  Daoswban  1979 . 
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.  High- Pressure  Strand  Burn  totti 

Inhibited  maple  black  powder  samples  ware  burned  and  photographed  in  a 
windowed  chaaber  in  an  ataoephere  of  flowing  nitrogen.  Paira  of  templet,  one 
of  high  density  and  the  other  of  low  density,  were  evaluated  at  several 
different  pressures  to  100  atmospheres.  To  reduce  the  obscuration  effects  of 
smoke,  the  optical,  path  inside  the  chamber  was  reduced  to  8  am  by  inserting 
two  plastic  spacers.  Results  are  presented  in  Figure  10  and  Table  1,  where  it 
is  seen  that  only  a  small  difference  in  burning  rate  can  be  ascribed  to 
different  density  samples  at  a  particular  pressure.  This  close  correspondence 


PRESSURE,  atm 


FIGURE  10.  Strand  Burn  Rates  at  High  Pressures.  Dashed  line 
Reference  10. 


TAB LB  I.  HIGH-PRESSURE  STRAND  BURN  RATES 


Pressure 

Density 

Burn 

Pressure 

Density 

Burn 

Rate 

Rate 

atm 

g/cm3 

cm/ sec 

atm 

g/cm3 

cm/  sec 

133.6 

1.42 

5.10 

15.6 

1.48 

2.55 

133.6 

1.70 

3.41 

15.6 

1.67 

2.65 

103.7 

1.91 

3.50 

14.6 

1.85 

2.42 

104.4 

1.65 

*  3.33 

11.2 

1.66 

2.51 

69.0 

1.64 

3.63 

4.40 

1.67 

2.32 

62.2 

1.55 

3.82 

4.40 

1.83 

1.94 

47.3 

1.70 

3.75 

4.40 

1.64 

2.32 

35.0 

1.68 

3.18 

1.00 

1.88 

0.733 

35.0 

1.85 

2.84 

1.00 

1.55 

0.768 

dm  noted  over  the  entire  pressure  range.  The  dsts  contain  sow  scatter  and 
values  are  compared  to  the*  average  response  curve  derived  f ron  several  Russian 
references  summarised  bv  Williams10  using  the  data  of  Belyaev  and  Masnev, 
Glaakova  and  Tereshkin,1*  and  Belyaev  et  al.  The  excellent  agreement  among 
the  various  studies  Is  surprising,  considering  that  different  charcoals  and 
different  preparation  procedures  mere  used.  In  fact,  one  reason  for 
undertaking  strand  burn  rate  measurements  vss  to  relate  results  to  samples 
that  «re  described  In  as  such  detail  as  possible.  The  burn  rate  function,  or 
more  precisely,  the  sample  regression  rate,  r,  (cm/sec)  and  pressure,  p. 


10F.A.  Williams.  AIAA  Journal.  Vol.  14,  Vo.  5,  p.  367 ,  May  1976. 


**A.F.  Belyaev  and  S.F.  Masnev ,  " Dependence  of  Burning  Rate  of  Smoke-Forming 
Powder  on  Pressure."  Dnkl .  Aknd .  Vauk  SSSR.  Vol.  131 ,  p.  887,  1960. 


12  A.P.  Glaakova  and  I. A.  Tereehkin,  " Relation  Between  Preeeure  and  Burning 
Velocity  of  Explosives."  2hur.  Fia.  Khim..  Vol.  35,  pp.  1622-1628,  1961. 


13A.F.  Belyaev,  A. I.  Korotkov,  A.K.  Parfenov  and  A. A.  Sulimov,  "The 
Burning  Rate  of  Some  Explosive  Substances  and  Mixtures  at  Very  High 
Pressures Zhur.  Fia.  Khim ..  Vol.  37,  p.  150,  1963. 
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(atm),  wan  evaluated  for  pressures  between  3  to  100  ataospheres.  The 
relationship 

r  -  1.72  p  <»•“*  *  0-°17>  (1) 

was  obtained. 

The  burn  rate  curves  of  this  and  other  referenced  work  exhibit  a  sharp 
change  In  slope  at  pressures  of  a  few  ataospheres.  Clneaatography  was  used  to 
see  If  a  different  aode  of  combustion,  such  as  deconsolidation,  was  associated 
with  this  transition,  and  no  change  was  observed.  The  only  difference  noted 
was  that  at  low  pressure  the  cell  had  a  carbonaceous  deposit  on  the  chanber 
walls,  whereas  in  high-pressure  experiments  large  droplets  were  observed. 
However,  the  fllas  all  looked  much  alike. 

1 4 

These  burning  rates  were  compared  by  K.  White  to  the  closed  bomb  data 
of  Price,  and  an  extensive  discussion  evolved  suggesting  that  burn  rate 
equations  derived  froa  closed  boab  experiments  are  different  froa  strand 
burning  rate  equations.  Such  differences  were  suggested  to  originate  froa 
either  grain  breakup  or  porous  burning.  Presently  we  are  investigating  this 
phenomenon  further  by  burning  single  strands  in  either  a  small  rocket  aotor  or 
a  closed  bomb.  Preliminary  results  give  the  saae  burning  rates  as  reported  in 
Table  1,  indicating  that  porous  burning  or  deconsolidation  is  not  occurring. 

By  induction,  the  data  discussed  by  K.  White  appear  to  be  the  result  of  grain 
breakup,  and  future  work  ohould  be  directed  to  document  such  effects. 

IV.  GENERAL  COMMENTS 

Several  experiments  have  been  presented  to  describe  the  compaction 
process  in  terms  of  plastic  flow  and  the  overall  effect  of  compaction  in  terms 
of  density  and  its  corresponding  burning  rate.  Strand  and  surface  burning 
rates  have  been  shown  to  be  functions  of  density;  however,  the  dependency  is 
small,  about  20  percent.  Such  differences  are  greatly  amplified  in  grain-to- 
grain  flame  spread  rates  that  can  vary  over  this  density  range  by  200  percent 
as  do  relative  quickness  values.  Such  differences  have  been  previously 
pointed  out,  but  it  is  this  difference  that  may  be  closely  related  with 
device  performance.  The  density  of  black  powd?r  has  been  used  as  a  variable 
to  relate  various  parameters  discussed  in  this  report.  However,  as  pointed 
out  in  an  earlier  work,  ,  this  quantity  is  another  view  of  pore  volume  and 
internal  surface  area.  One  of  the  important  parameters  that  affects  thfa  free 
volume  of  black  powder  is  that  lot-to-lot  samples  of  charcoal  have  different 
densities,  and  this  variance  can  affect  the  degrees  of  porosity  of  black  powder 
(at  a  given  density)  without  changing  the  constitutional  composition  of 
potassium  nitrate,  sulfur  and  charcoal.  Such  information  is  not  generally 
available  from  either  charcoal  manufacturer  or  black  powder  producer,  and  it 
would  seem  advantageous  to  make  such  measurements.  It  is  possible  that  the 
organic  content  of  charcoal,  so  often  reported  as  affecting  response,  is 
proportional  to  its  density.  This  author  is  guided  by  A.  Klrshenbaum's 


Vhite  and  R.  Sasae',  "Combustion  and  flams  Characteristics 
of  Blaek  Powder,"  18th  JANNAF  Combustion  Meeting t  CPIA  Publication  No.  347, 
Vol.  2,  p.  253,  October  1981. 
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comments1*  chat  ignition  temperature  of  several  samples  vat  increased  aa 
volatiles  were  reaoved;  however,  these  volatile-free  samples'  ignition 
temperatures  atill  retained  their  original  rank.  Kirshenbeua  euggeated  that 
soae  property  beyond  volatile  content  affects  ignition  teaperature. 

The  question  of  "organics"  in  charcoal  and  their  relative  contribution  to 
coabuation  has  been  a  subject  of  continuing  study.  Not  the  first,  but  a  flue 
exaaple  of  such  work  is  the  paper  by  Hlntse1”  showing  a  aaxlaua  in  burning 
rate  of  black  powder  occurs  at  about  30Z  organic  content  in  charcoal.  This 
value  was  used  in  duPont  purchasing  specification  since  1930,  and  is  part  of  a 
gentleman's  agreement  for  the  urchase  of  charcoal.  Inclusion  of  this 
parameter  into  the  military  specification  for  charcoal  is  long  overdue.  Such 
a  position  also  appears  to  be  supported  by  Robertson's1'  paper  as  Inferred 
from  his  sbatrset  of  the  work.  (The  paper  wss  not  available  at  the  time  of 
this  writing.)  Additionally,  the  importance  of  organics  in  black  powder  was 
demonstrated18  by  using  black  powder  made  by  the  total  aubatitutlon  of 
charcoal  by  various  reducible  organic  compounds  containing  hydroxyl  groups. 
Similar  burning  rates  to  black  powder  were  measured  for  several  mixtures.  It 
appears  there  is  nothing  unique  about  charcoal  with  respect  to  the  combustion 
of  KNO^  mixtures. 

The  above  discourse  on  "organics"  promotes  several  additional  comments  on 
other  problem  areas  where  such  thoughts  are  my  speculations  that  have  been 
sharpened  over  a  two-year  period.  The  first  reflections  concern  charcoal  and 
contrast  the  jet  mill  Lovold  process  to  the  duPont  wheel  mill  product. 

The  duPont  process  grinds  large  quantities  of  feed  stock  in  amounts  that 
approach  3,000  pounds.  This  single  batch  processing  insures  a  great  averaging 
of  the  proper'. les  of  individual  bags  of  charcoal.  In  the  more  continuous  Jet 
mill  process, such  differences  in  the  input  material  may  become  apparent  in  the 
black  powder  product.  Under  these  circumstances  it  would  appear  prudent  to 
test  the  charcoal  such  that  a  uniform  material  is  employed.  Some  degree  of 
characterisation  could  be  accomplished  by  analytical  tests  'hat  would  at  least 
bracket  global  properties-  Some  teats  are  listed  below.  Earlier  in  1975, 


15  A.  Kirshenbaum ,  fliermoahimioa  Acta,  Vol.  18,  p.  113,  10??. 

*6W.  Hintze,  Explosivstoffe,  Vol.  ?,  p.  41,  1968. 

*7J.  Robert  eon,  "the  Influence  of  Charcoal  in  the  Combustion  of  Black 
Ponder, "  RARDE,  Fort  Raletead,  Sevenoake,  England.  Preeented  at  Basic  and 
Applied  Pyroteoh '.io '  e  International  Conference,  ARC  AC  HON,  France  October 
1982. 


1  s  • 

S.  Viee  and  R.A.  Basse' ,  "Organic  Substitutes  for  Charcoal  in 

"Black  Powder  ’’  Type  Pyrothechnic  Formulations,  "19th  JANNAF  Combustion 

Meeting,  CPIA  Publication  No.  368,  Vol.  2,  p.  SOS,  October  1982. 
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1 9 

Rote  Bade  similar  coeawnts  In  e  short  but  illuminating  paper  on  black 
powder. 

Analysis  of  Charcoal : 

1.  Analysis  for  carbon,  hydrogen,  oxygen 

2.  Heat  of  coabustion 

3.  Percent  volatiles 

4.  True  density. 

Such  characterisation  would  fora  a  baseline  such  that  the  saae  quality  black 
powder  could  be  produced  again.  More  iaportant,  such  data  could  be  correlated 
to  functional  perforaance  and  be  the  basis  for  a  coaprehenslve  military 
specification  for  charcoal. 

Black  powder  Itself  should  also  be  characterised  further  by  teats  that, 
recognise  that  "as  chemistry  influences  combustion,  so  do  the  physical 
properties  of  t.ne  material."  Such  tests  could  include: 

Analysis  of  Black  Powder: 

1.  Combustion  tests  (flaae  spread  etc.) 

2.  Perforaance  related  tests  (gun) 

3.  True  and  bulk  densities 

4.  Internal  surf ace.  area  (B.E.T.) 

5.  Grain  slse  distribution. 

Another  area  of  concern  is  related  to  pressing  aeal  to  produce  a  black 
powder  "cake."  In  the  DuPont-GOEX  press  pressure  is  applied  slowly  and 
applies  force  over  a  time  period  of  15-20  minutes  such  that  plastic  flow  may 
reach  equilibrium  or  steady-state.  In  contrast,  in  the  jet  mill  process  the 
press  will  exert  force  for  less  than  one  minute.  In  both  cases  a  density 
distribution  will  occur  thoughout  the  samples  cross  section,  and  perhaps  a 
sharper  distribution  will  occur  in  the  latter  instance.  The  physical 
processes  which  are  both  geometry  and  time  dependent  that  are  operative  during 
pressing  aeal  are  not  clear.  For  instance,  in  a  closed  die  the  friction 
between  the  die  wall  and  sample  will  lead  to  a  density  distribution.20  This 
effect  trill  lead  to  a  redistribution  of  water  within  the  sample  which 
compounds  density  differences.  Dynamic  effects  could  further  enhance  the 
problem.  Even  in  the  many  large,  720  X  24  X  1  inch,  thick  slabs  made  by  GOEX. 
a  small  density  distribution  is  observed,  and  this  difference  is  induced  even 
in  a  large  open  sided  die  where  pressing  is  done  in  three  incremental  steps 
as  more  meal  is  added.  The  total  problem  of  distribution  appears  too  complex 
for  analysis  and  it  would  be  better  to  measure  the  density  distribution  of  a 


*SJ.E.  Arse,  "Investigation  on  Blaek  Powder  and  Charcoal,"  IHTR-4ZZ, 
September  1975,  Naval  Ordanoe  Station,  Indian  Head,  MD,  October  1982. 
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L.O.  Burchett,  "PRESS:  A  Computer  Program  For  Evaluating  Explosive 
Material  Loading  Processes ,  "  Eighth  International  Pyrotechnics  Seminar, 
p.  991,  HT  Research  Institute,  Qiicago,  IL,  July  1982. 
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"cake"  produced  in  a  particular  way.  if  tha  danaity  extremes  ara  significant 
within  tha  “cakm"  than  auch  dlffarancaa  would  graatly  lnfluonca  combustion. 

Tha  fuuwdonal  taata  daacribad  should  charactarlaa  both  charcoal  and 
black  powdar  such  that  different  lots  can  ba  coaparad  in  relation  to  their 
physical  as  well  as  chemical  properties.  Such  data,  together  with  performance 
evaluations,  could  lead  to  more  realistic  military  specifications.  In  this 
“general  commsnta  section"  concern  should  ba  restated  on  a  major  topic  of 
this  paper,  namely,  the  comparison  of  strand  and  dosed  bomb  burn  rata  data. 
Differences  in  combustion  rate  were  speculated  to  originate  from  grain  break** 
up  and  if  this  ba  true  then  structural"*strength  of  black  powder  will  be  an 
important  parameter  in  understanding  combustion.  This  type  of  information  is 
required  to  assure  proper  performance  and  assure  sound  testing  procedures. 
These  differences  in  burn  rates  should  be  resolved. 

V.  CONCLUSIONS 

The  object  of  the  present  work  was  to  make  a  more  reproducible  black 
powder  and  to  remove  some  of  the  mysticism  associated  with  its  manufacture. 
Insight  into  compaction  and  how  tha  process  affected  the  strand  burning  rate 
at  high  and  low  pressures  is  presented.  The  node  of  combustion  seems 
invariant  to  pressures  of  100  atnospheras.  Results  confirm  the  earlier 
obaervetlon  that  the  burning  rate  is  directly  related  to  the  degree  of 
openness  of  a  black  powder  grain. 
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in  the  mail.  Your  comments  will  provide  us  with  information  for 
improving  future  reports. 

1 .  BRL  Report  Number_ _ 

2.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related 
project,  or  other  area  of  interest  for  which  report  will  be  used.) 


3.  How,  specifically,  is  the  report  being  used?  (Information 
source,  design  data  or  procedure,  management  procedure,  source  of 
ideas,  etc.) _ _  _ 


4.  Has  the  information  in  this  report  led  to  any  quantitative 
savings  as  far  as  man-hours/contract  dollars  saved,  operating  costs 
avoided,  efficiencies  achieved,  etc.?  If  so,  please  elaborate. 


5.  General  Comments  (Indicate  what  you  think  should  be  changed  to 
make  this  report  and  future  reports  of  this  type  more  responsive 
to  your  needs,  more  usable,  improve  readability,  etc.) _ 


6.  If  you  would  like  to  be  contacted  by  the  personnel  who  prepared 
this  report  to  raise  specific  questions  or  discuss  the  topic, 
please  fill  in  the  following  information. 

Name : 


Telephone  Number: 
Organization  Address: 


